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Observations of optical and hydrodynamic processes were made on the open beach on Santa Rosa Island, Florida, in
March 1995. This study focuses on the passage of two cold fronts. The observations have been supplemented by a bio-
optical model; a suite of hydrodynamic models to simulate coastal flows forced by waves, tides, local wind, and coastal sea
level; and a geo-optical model that predicts scattering by mineral particles resuspended by wave action. These models
have been used to examine the interaction of atmospheric forcing and hydrodynamics with respect to the observed
marine hydrosol. The optical and hydrodynamic measurements, and the model results, have been used to conceive a cold-
front regime model of the hydrosol for open beaches in the Gulf of Mexico. The optical environment during the cold front
was determined by three hydrosol phases: (1) a prefrontal steady-state hydrosol consisting of fine resuspended mineral
particles, phytoplankton cells, organic detritus, and colored dissolved organic matter; (2) a frontal phase dominated by
resuspended mineral particles; and (3) a postfrontal hydrosol containing large phytoplankton, detritus, and fine mineral
particles. This concept is useful for identifying the physical processes responsible for observed optical properties. It

should be applicable to other regions and types of events.

ADDITIONAL INDEX WORDS: Nearshore flow, waves, optical scattering, sand resuspension, marine hydrosol.

INTRODUCTION

The relationships between littoral hydrodynamics, the
marine hydrosol (pure water, solutes, and small suspended
particles), and the optical environment are fundamental to
coastal sciences because of the widespread use of satellite-
based instruments like the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the Medium Resolution
Imaging Spectrometer (MERIS) (Acker et al., 2009). The wide
field of view and frequent overpasses of these sensors make
them suitable for coastal morphology (Stockdon et al., 2006),
environmental studies (Hu et al., 2005), and military applica-
tions (Hou et al., 2007; Weidemann et al., 2002). Instruments
like the AC-9 spectrophotometer (Hakvoort and Doerffer, 1997)
have been developed to collect ground-truth observations for
calibration of remotely sensed observations. This requirement
necessitates understanding the composition of the marine
hydrosol. Validation studies are also useful for examining the
interaction of hydrodynamic, sedimentation, and biological
processes in coastal areas where comprehensive oceanographic
data are often unavailable (Menon, Lotliker, and Nayak, 2006).
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Background

In anticipation of the need to compare remote sensing with in
situ optical data, oceanographic and optical field programs
were completed at Santa Rosa Island (SRI), Florida (Figure 1),
in August 1994 and March 1995 (Gould and Arnone, 1997). The
1995 data proved difficult to interpret, however, because of the
interaction of physical, biological, and optical processes; the
small area covered by the observations; and the impact of
external forcing, which includes tides, coastal sea level changes
(hereinafter coastal setup/setdown), and coastal upwelling/
downwelling flows (Haus et al., 2003; Keen and Glenn, 1994).
These problems were exacerbated by multiple cold fronts that
passed over the study area. Cold fronts are major environmen-
tal factors in the northern Gulf of Mexico in winter and spring
(Feng and Li, 2010; Roberts et al., 1987; Stone, 1998; Stone and
Wang, 1999). They occur at a frequency of about one per week
and impact the entire U.S. Gulf coast. They must, therefore, be
considered in applying remote sensing methods to nearshore
areas because of their impacts on the transport of both
terrigenous and biological material by waves and currents.
The rapidly changing wind fields during cold fronts produce
waves, coastal setup/setdown, and current patterns that
further complicate mass transport (Cobb, Keen, and Walker,
2008; Feng and Li, 2010; Keen, 2002; Keen et al., 2003).

The SRI study has been followed by an ongoing research
program to develop multicomponent optical models in littoral
environments (Gould, Arnone, and Mueller, 1994; Haltrin et
al., 2007; Snyder et al., 2008). Models of the littoral optical field
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Figure 1. (A) Bathymetry for the 300-m NCOM grid. The location of the study area is indicated by a star. The local model (100 m) grid is outlined. (B) Bathymetry
for the nearshore model at 1-m resolution. Section S1 refers to Figure 7. (C) Depth profile along the center of the field area (86.8035° W). Moorings A (30.385° N)
and B (30.384° N) are discussed in the text. The inset map shows the location of the study area (circle) and buoy 42003 (diamond). (Color for this figure is only
available in the online version of this paper.)

have helped identify the critical biological, geological, and The results were inconclusive, however, because of the complex
oceanographic requirements for accurately predicting optical hydrodynamics during the March study period.

scattering in water depths shallower than 30 m on sandy coasts

(Keen and Stavn, 2000; Ramnath et al., 2010; Stavn and Keen,

2004). The predicted optical properties can be passed to optical- Objectives

sensor models (McBride, Weidemann, and Shoemaker, 1999). This paper examines the interaction of hydrodynamic,
This approach has been tested using the observations and sedimentation, biological, and optical processes at SRI using
model simulations for SRI (Keen, Stavn, and Kaihatu, 2006). observations, in combination with numerical models. The
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integration of these processes into a comprehensive model of
the hydrosol at SRI is facilitated by the following conceptual
model. The hydrosol at SRI can be divided into three regimes
based on the hydrodynamics during a cold front: (1) a
prefrontal steady-state hydrosol consisting of mineral parti-
cles, phytoplankton, organic detritus, and colored dissolved
organic matter (CDOM); (2) a frontal hydrosol dominated by
mineral particles resuspended by wave action; and (3) a
postfrontal hydrosol comprising large phytoplankton cells,
organic detritus, and small mineral particles.

This paper is organized in the following manner. “Methods™
describes the observations collected at SRI in March 1995 and
presents the bio-optical model that is applied, in addition to the
numerical models for hydrodynamics and sediment resuspen-
sion. “Results” first presents the observations of hydrodynam-
ics and the simulated flow. The optical measurements are then
examined, and finally the hydrosol and optics model results are
presented. We examine the interrelationships among atmo-
spheric forcing, hydrodynamics, hydrosol composition, and
optics with respect to the conceptual model in “Discussion.”

METHODS

This work consists of three components: (1) oceanographic
and optical data collected at SRI in March 1995; (2) a bio-optical
model to estimate scattering by organic and inorganic particles,
in addition to absorption spectra; and (3) a numerical modeling
system to calculate hydrodynamics, mineral particle suspen-
sions, and optical scattering by inorganic particles. This
method of predicting the optical environment can be termed
biogeo-optical (Stavn and Richter, 2008). The models compris-
ing component 3 are necessary because it is not possible to
incorporate the multiscales and multiphysics associated with
the coupled hydrodynamic and optical environment in the
coastal ocean. We thus use each of these models to examine a
limited aspect of the problem.

Observations

Wind measurements from a meteorological buoy (Figure 2)
revealed multiple colds fronts in March 1995. Cold fronts are
identified by prefrontal southerly winds followed by a rapid
change to postfrontal northerly winds. For example, the
prefrontal wind blew from E-SE during 5 to 7 March, but its
origin rotated to northerly immediately after the cold front on 8
March (hereinafter CF1) and remained so until 10 March. This
paper refers to frontal passage as the period when the wind
first has a northerly component (blowing offshore). The wind
speed does not always increase during cold fronts; for example,
the front that occurred on 16 March (hereinafter CF2) had a
more complex history that did not include a strong postfrontal
wind. The strongest winds were southerly during several later
fronts as well.

Observations were made at SRI between 2 and 17 March as a
follow-up to an earlier study (Gould and Arnone, 1997, 1998).
The bathymetry (Figure 1B) was measured using an airborne
light detection and ranging system. Moorings A (water depth=
2.7m) and B (water depth=4.8 m) were deployed landward and
seaward of a nearshore bar at 30.385° N and 30.384° N,
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Figure 2. Feather plot of 6-hour winds subsampled from hourly measure-
ments at NOAA buoy 42003 (25.966° N, 85.594° W), located 450 km south of
SRIL The vectors point from the wind origin and terminate at the x-axis (e.g.,
southerly winds originate offshore). The approximate times of passage of the
cold fronts discussed in the text are labeled CF1 and CF2. The maximum
wind speed is calculated using all data.

respectively, and 86.8035° W (Figure 1C). The bottom gradient
at mooring B is 0.018 in., but the seafloor has a 100-m-wide
platform at a 15-m depth. The moorings were equipped with
electromagnetic current meters near the surface and 1 meter
above bottom (mab). WET Labs Inc. AC-9 spectrophotometers
located at 1 mab measured total attenuation c; and absorption
a; coefficients (in reciprocal meters) at optical wavelengths A of
412, 440, 488, 514, 560, 630, 650, 676, and 715 nm. Mooring B
included a bottom-mounted pressure sensor. Significant wave
height (SWH) and period (SWP) were computed by spectral
analysis of the unsmoothed measurements at a 10-minute
sampling interval. Mean sea surface height (SSH) was
computed as the variation from the mean of the time series.
Ship-board measurements included chlorophyll-a concentra-
tion [Chl] using the fluorometric method along several across-
shore transects in water depths of 2 to 7 m when weather
permitted (Keen and Holland, 2010). These point measure-
ments were grouped into surface (0~2.9 m), middepth (3—4 m),
and bottom (4-6.1 m) averages.

Bio-Optical Model

The [Chl] is used to estimate the scattering from water,
phytoplankton, bacteria, and organic detritus (Keen and Stavn,
2000). Total scattering is the sum of the contributing
components (Mobley, 1994); therefore, we represent the
particle scattering b, measured by an instrument as a sum of
organic and minerogenic particles (Peng et al., 2007):

bp=bph+bd+bq (1)

where bp, by, and b, are phytoplankton, organic detritus, and
mineral (quartzlike) scattering, respectively. The total organic
scattering, b, = b, + by, can be estimated from [Chl]:

bo = 0.21 X[Chl}*%? )

Equation (2) was derived for case 1 ocean water (high
phytoplankton compared to inorganic particles) at 550 nm,
but it is used as an initial estimate for case 2 water (dominated
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by inorganic particles) at SRI. We indicate total scattering
estimated from spatial, temporal, or both mean values of [Chl]
by <b,>. We convert the values from this equation to 440 nm
with the following relation:

bp(4)~ 2! (3
We can then estimate the scattering by mineral particles:
by =bp - b, (4)

Equation (2) is used in the Naval Research Laboratory blue
water model (Weidemann et al., 1995). The estimated b, is
compared to the mineral scattering calculated by the geo-
optical model.

The absorption spectrum can be represented by an exponen-
tial curve with a spectral slope Sy (Kirk, 1984):

a(4) = a(4o)exp(—Sx (4 — o)) (5)

The subscript X is d for detritus and C for CDOM. A reference
wavelength A, 0f 440 nm is used in our model. This relationship
is used to test for the composition of the hydrosol using spectral
scattering and absorption data from SRI. The appropriate
values for the spectral slopes for detritus and CDOM, S, and
Sc, are taken from published reports.

Numerical Models

The flow landward of a nearshore bar is often assumed to be
forced by surface waves, which may be ocean swell or locally
generated wind waves. The open-coast site at SRI suggests that
external factors like tides and coastal setup/setdown must be
considered as well. To capture these physical scales of the
hydrodynamics, this study uses a wave-forced hydrodynamic
model for the nearshore flow and a general ocean circulation
model for the lower shoreface and continental shelf. The
currents from the hydrodynamic models are superimposed to
incorporate all of these processes into the nearshore hydrody-
namic regime. The resultant water depths and near-bed
currents are used to drive a geo-optical model. The general
system integration has been discussed elsewhere (Keen and
Slingerland, 1993; Keen et al., 2003). The interaction of wave-
driven flow and steady currents (e.g., tides) has a substantial
impact on hydrodynamics for large waves (Rusu, 2010). This
error is reasonable for this study because we are using observed
wave properties rather than model predictions.

Hydrodynamic Modeling

The wind forcing for the hydrodynamic models was measured
at National Oceanic and Atmospheric Administration (NOAA)
buoy 42003 (Figure 2). Deep water and shelf currents are
calculated using the Navy Coastal Ocean Model (NCOM).
NCOM is a three-dimensional (3D) primitive-equation model
that has been used for a number of littoral applications (Ko,
Preller, and Martin, 2003; Morey et al., 2003; Slingerland et al.,
2008). Subtidal currents, SSH, and 3D temperature and
salinity fields for open boundaries and initial conditions are
from the 1/8° global NCOM implementation (Barron et al.,
2004). These fields are passed to a regional model with a cell
size of 300 m (Figure 1A). The astronomical tidal heights and
mean transports are added along the open boundaries (Martin

et al., 2009). This model includes monthly climatological inflow
for several rivers. The calculated currents, temperature,
salinity, and water levels from the regional model are used as
boundary conditions for a local NCOM grid with a cell size of
100 m (hereinafter the local model), which uses the same wind
forcing but includes no rivers (Figure 1A). Variables used as
boundary conditions are passed from the coarse nest to the finer
nest (one-way coupling).

The wave-driven flow is computed using the quasi-3D
Shorecirc hydrodynamic model (Haas et al.,, 2003) on a grid
with 10-m cells (Figure 1B), which is referred to hereinafter as
the nearshore model. This model does not include wind or tidal
forcing and uses periodic boundaries along the across-shore
edges of the grid. It incorporates the Simulating Waves
Nearshore wave model (Holthuijsen, Booij, and Bertotti,
1996) and can calculate local wave generation, in addition to
propagating swell waves from offshore. The seaward wave
boundary condition includes measured SWH and SWP from
mooring B. The waves are assumed to approach the coast from
directly offshore, because directional spectra were not mea-
sured. The resulting radiation stresses are summed over the
wave spectrum and used for nearshore forcing of depth-
averaged currents. Shorecirc includes both the standard and
the roller-enhanced radiation stress inputs and a mass flux
from Stokes drift and rollers to calculate the equilibrium
undertow/3D current profile at each grid point (Haas and
Warner, 2009).

Geo-Optical Model

The steady currents calculated from the nearshore (Shor-
ecirc) and local NCOM) hydrodynamic models are interpolated
to 1 mab and superimposed to produce a steady current field
above the wave boundary layer. Oscillatory currents are
calculated from the measured SWH and SWP using linear
wave theory.

The geo-optical model used in this study is the Littoral
Sedimentation and Optics Model (LSOM), which incorporates a
bottom boundary layer model (BBLM) for calculating wave—
current shear stresses, bottom roughness, and suspended
sediment profiles, in addition to a seafloor mass-conservation
model (Keen and Slingerland, 1993). Input to LSOM includes
SWH and SWP, wave direction, steady current speed and
direction, water depth (including changes caused by tides, etc.),
and the mean and standard deviation of a Gaussian size
distribution describing the bottom sediment. The size distri-
bution consists of 11 classes ranging from 0.023 to 1.05 mm;
each size class has physical properties taken from previous
studies (Glenn and Grant, 1987). The SRI simulations use a
mean particle size d,, = 156 pm (fine sand), with a represen-
tative critical shear stress of 14 dyne cm™ and a settling
velocity of 1.2 cm-s™",

The concentration of sand grains in suspension predicted by
LSOM depends on a number of parameters, including the
resuspension coefficient y,, which has been estimated between
1.6 X 107 and 1.5 X 1072 (Hill, Nowell, and Jumars, 1988; Keen
and Stavn, 2000). These empirically determined values depend
on the particle type and are thus valid for a given area.

LSOM includes a module that calculates scattering by quartz
particles (b,;) from the computed sediment distribution
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(Haltrinet al., 1999; Keen and Stavn, 2000). The scattering by a

particular size class of quartz particles is determined in the

module by the following:
beg = No, = NuriQ,e (6)

where N is the number of particles in a particular size class of
resuspended sediment, o, is the scattering cross-section of the
particle, r is the radius of the spherical equivalent of the
particle, and @, is the particle scattering efficiency calculated
from Mie theory. When there are several size classes,
subscripted with i, the scattering by the total quartz particles
in suspension is

bqg = ZN,'TU'?Q.CJ (7)

The LSOM module calculates quasi-3D fields of suspended
sediment and scattering and resulting changes in bed height,
but it is used to compute vertical profiles only for this study.
The predicted scattering coefficients have been validated for a
range of wave conditions on a sandy beach on the Pacific Coast
of the United States (Stavnr and Keen, 2004).

RESULTS

This section presents the observations and model results for
the hydrodynamic and optical environments at SRI during the
cold fronts in March 1995. More attention is paid to CF1,
however, because of problems with the AC-9 instrument during
CF2. Results from Equation (5) for hydrosol modeling are also
presented. The hydrosol conceptual model is referenced to aid
in the presentation of the results.

Hydrodynamics

This section presents the observations before and after each
cold front separately. These pre- and postfrontal intervals are
assigned based on meteorological measurements, which may
not be reflected in other observations. The observations at
moorings A and B are presented first. The hydrodynamic
predictions from the local and nearshore models are then
compared to the measurements at mooring B and used to
examine the potential impact of regional hydrodynamics on the
nearshore flow.

Observations

March began with a cold front (Figure 2), after which the
wind rotated from N to SE and, by 6 March, had become the
prefrontal wind of CF1. This southerly wind generated a
coastal setup of approximately 30 cm by 8 March (Figure 3B)
and a southerly ocean swell, with wave heights of about 1 m
(Figure 3A) and periods of 3 to 8 seconds (not shown). The flow
inside the bar was onshore in response to the wind and waves,
and the surface currents (Figure 4A) were similar in magnitude
to the bottom currents (Figure 4C). The surface flow outside the
bar (Figure 5) was predominantly westward and less than 20
cm-s~}, with weak eastward flow during the flood tides of 4 and
5 March. Westward currents strengthened to 50 cm-s™! by 7
March because of the persistent SE wind, which also generated
SWH greater than 2.5 m. Plunging breakers were observed
over the bar, and spilling breakers were seen landward.

March 1995

Figure 3. Measurements at mooring B: (A) SWH (in meters) and (B) SSH.
See Figure 1 for location. The labels CF1 and CF2 are for the approximate
times of the cold fronts discussed in the text.

Plunging breakers were also observed intermittently seaward
of the bar (A. Weidemann, personal communication). Wave
breaking probably contributed to the increased noise in SSH at
mooring B (Figure 3B), which was more pronounced at low
tides.

The onshore flow inside the bar strengthened to more than 40
cm-s~! before 8 March because of the rising tide, large waves,
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Figure 4. Measured currents at site A subsampled at 1 hour: (A) and (B)
surface flow and (C) and (D) bottom currents. The instrument did not record
between 9 and 14 March. See Figure 1 for location. The dashed lines indicate
the cold fronts as identified from the winds at buoy 42008. The maximum
values on the plots are computed from all data.
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6—Hour Measured Surface Currents at Site B: Max = 49 cm/s

723724 25 26 27 28 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
February March

Figure 5. Feather plot of measured surface currents at mooring B. The
original data were subsampled at 6-hour intervals to improve readability.
The maximum was computed using all data. The vectors originate at the x-
axis and point in the direction of the current.

and coastal setup. A seaward flow developed after SWH
exceeded about 1.5 m, however, and surface currents reached
69 cm-s~! to S-SE on the morning of 8 March. Surface flow
outside the bar (Figure 5) was directed SW with a peak current
of 63 cms!. This strong seaward flow may be partly
attributable to a rip current that originated in the channel
through the bar (Figure 1B). This current pattern is similar to
that observed in laboratory rip currents (Haas and Svendsen,
2002), but with a stronger alongshore flow that would be absent
in a wave tank. The wind became northerly around 1800 on 8
March as CF1 passed.

The prefrontal interval of CF2 began with the E-SE wind on
13 March (i.e., a weak onshore component). The SWH was less
than 20 cm during the prefrontal interval, but waves increased
as the wind became more easterly between 10 and 13 March. A
daily increase in SWH occurred because of a sea breeze that
was not measured at the buoy. SSH began to rise on 13 March,
while SWH exceeded 1 m as CF2 approached. The current
measurements resumed inside the bar on 14 March, and flow
was to the SW. The flow inside the bar was to the SW before
CF2, with surface currents up to 72 cm-s~! (Figures 4B and D).
The southerly wind exceeded 10 m-s™ on 15 March, and wave
heights reached 2 m; breaking waves are suggested by the
noisy SSH time series from mooring B (Figure 3B). The surface
flow outside the bar was onshore on 15 March, with currents of
20 to 35 cm-s~! (Figure 5). The currents weakened inside the
bar at this time but remained seaward, which is consistent with
a rip current before CF2, but if one developed, it did not reach
the seaward mooring.

Cold front CF2 passed over the study area around midnight
on 16 March, as indicated by the wind rotating from S to NW.

This shift was accompanied by a steady decay of SWH to less
than 50 cm. The postfrontal wind persisted until 21 March.

Simulated Combined Flow

The across-shore tidal current of about § em-s™! (Figure 6A)
is not apparent in the local model result because of currents
forced by waves, wind, and coastal setup. The onshore flow
before CF1, and seaward flow immediately after it, are
reproduced—but with less noise than in the measurements.
These currents are associated with the prefrontal coastal setup
predicted by the model. The northerly wind on 9 March drives
an offshore flow in the local model that is stronger than
observed. This is probably an artifact of the 100-m grid, which
has a constant water depth of 2 m this close to the coast. The
local model predicts seaward flow after 11 March that is similar
in magnitude to the measurements. The nearshore model
predicts onshore currents of about 15 cm-s™' (Figure 6A)
whenever SWH exceeds 1 m, which is in disagreement with
both the measurements and the local model. It is likely caused
by the onshore propagation of waves in Shorecirc when the
wind is from the SE.

The local model responds to the SE wind by predicting
westward surface currents of more than 30 cm-s~! at mooring B
(Figure 6B). This flow weakens just before CF1, and an
eastward flow is predicted on 8 March. When the wind returns
to S-SE, however, westward alongshore flow resumes. This
pattern is similar to the measured currents overall, but it has a
much larger westward component than observed, which may
be caused by the buoy winds. The simulated flow between 9 and
15 March has a phase error that may be caused by using the
winds from the buoy. The nearshore model generates negligible
alongshore currents.

(= "= == == = == Sl T i
A) Across-shore Currents

L Onshore | 1

8 &

Figure 6. Surface currents at mooring B: observed (red), Sharecirc (blue),
and 100-m NCOM (black) components for (A) the across-shore flow and (B)
the alongshore flow. The local model results are from 30.3823° N, 86.8044° W.
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The difficulty of simulating combined nearshore flows in an
open-ocean environment with numerical models can be seen in
this example. One approach to capturing the local and regional
circulation is to introduce the radiation stress generated by
waves into a general circulation model (Haas and Warner,
2009). This avoids the problem of representing different scales
with different models, but it is limited in the extent of the model
domain because of the need to resolve the nearshore bathym-
etry in the circulation model. For example, Haas and Warner
(2009) used the Regional Ocean Modeling System to simulate
an area similar in size to the nearshore domain of this study.
For now, this remains a problem in simulating combined
nearshore hydrodynamics.

The measured currents inside the bar before 1800 on 7 March
were predominantly N-NE (Figure 4), while flow was westward
seaward of the bar (Figure 5). The existence of a rip current just
before CF1 would have contributed to currents within the
study area (Figure 1B) for the 12 hours it persisted, but the
open coast at SRI is also subjected to flow caused by coastal
setup. The local model does not predict rip currents, which
suggests that a substantial component of the observed
westward flow (Figure 6) was forced by the coastal setup. This
comparison indicates that the flow outside the bar was
dominated by coastal-scale processes, and wave-driven impacts
were restricted to rip currents and wave resuspension of
seafloor sediments.

The predicted flow before CF1 (Figure 7A) is onshore at the
surface and seaward at the bottom, whereas the entire water
column has an offshore component 48 hours later (Figure 7B).
The modeled alongshore currents are westward before CF1
(Figure 7C) because of the SE wind. The flow remains
westward on 10 March but weakens substantially (Figure
7D). The combined flow during the prefrontal period reveals
variability at the scale of the nearshore grid (10 m) because of
wave-driven currents.

The E-SE wind before CF1 generates a coastal downwelling
flow in the local model (Figure 8A), with surface currents as
high as 90 cm-s” 1 The simulated alongshore flow is westward
throughout the water column (Figure 8B), while onshore
surface currents of 40 cm-s~! are balanced by seaward bottom
currents of 10 cm-s™' (Figure 8C). This downwelling flow
persists until the northerly postfrontal wind pushes surface
water offshore (Figure 9A). The resulting flow is westward
{Figure 9B), with an alongshore jet exceeding 20 cm-s~! at the
surface and eastward currents less than 10 cm-s™! near the
bottom on the lower shoreface. Upwelling-favorable flow is
indicated by near-bottom onshore currents greater than 10
cm-s~! (Figure 9C) that are offset by seaward surface currents
of 30 cm-s~!. This flow field is in overall agreement with the
observations at mooring B. It is also consistent with the
expected downwelling and upwelling flow regimes associated
with the wind.

Optical Measurements

Attenuation Coefficients

The measured beam attenuation and absorption coefficients
can be used to estimate particle scattering from b, = ¢, — a;.
Here, we use the subscript A to indicate a spectral measure-

ment. The resulting b4 (Figure 10A) exceeded a44o (blue line)
during most of the deployment. The attenuation peaks before
CF1 are correlated with the inferred rip current discussed
previously, but a4 remained elevated after b,440 decreased at
1200 on 9 March. This sudden decrease may reflect an
instrument malfunction or obstruction, because the measure-
ments resumed midday on 10 March.

The phytoplankton absorption peak at 440 nm (Cleveland,
1995) is absent from the spectrum for 6 March (Figure 11), but
the 650-nm tail is present. This spectrum is similar to the
August 1994 spectra from SRI (Gould and Arnone, 1997). The
blue end of the spectrum shows increased absorption on 9 and
10 March. These spectra resemble total suspended matter
spectra for a hydrosol dominated by depigmented detritus (both
organic and mineral) in the Pearl River, China (Hongyan et al.,
2007). Absorption remained high until 12 March (triangles),
when weak phytoplankton absorption peaks at 440 and 650 nm
are evident.

The spectral dependence of scattering coefficients from open-
ocean (case 1) water can be parameterized by bz (A) ~ 2% and
bx{2) ~ A7 for the large and fine fractions, respectively
(Shifrin, 1983). The resulting trend is increased scattering at
longer wavelengths and more scattering by the large fraction.
In contrast, the spectral scattering coefficients on 6 March
(Figure 12) increase at shorter wavelengths, which is the
expected trend for case 2 water (Babin et al., 2003; Wozniak
and Stramski, 2004). This trend is similar to spectra from
surface measurements in a water depth of 3 m from August
1994 (Gould and Arnone, 1997). The magnitudes of the March
1995 b, spectra from mooring B (water depth = 4.7 m) are
intermediate between surface measurements at 3 and 8 m
water depths in August 1994. Similar spectral dependencies
were derived for other locations in the northern Gulf of Mexico
where total scattering was partitioned into an organic
component and a component due to suspensions of clay
minerals (Stavn and Richter, 2008). This trend steepened on
8 March 1995 (Figure 12) when SWH exceeded 3 m, at which
time &, increased from about 1 m~ at 650 nm to 4.5 m™! at 412
nm, This spectrum contains a small peak at 670 nm, which isin
agreement with theoretical calculations and measurements of
scattering spectra (Babin e¢ al.,, 2003; Stramski, Babin, and
Wozniak, 2007). The b, spectra from 9 and 10 March (Figure
12) were similar to the case 1 trend, but scattering was much
greater on 9 March. The spectrum on 12 March indicates a
return to conditions before 8 March.

Chlorophyll

The mean [Chl] (Figure 10B) increased between 2 and 4
March and remained elevated until CF1. There was also an
increase in [Chl] with depth on 4 March. The surface [Chl] on 6
March decreased by 23%, from 8.01 mg-m™ in the morning to
6.13 mgm™ in the evening, which is indicative of diel
variability (Yentsch and Ryther, 1957). These levels are typical
of nonbloom conditions for case 2 water (Wozniak and
Stramski, 2004). The surface [Chl] measurements on 9 March
were more variable than before CF1, and they were slightly
smaller. The surface [Chl] of 4.05 mgm™ on 10 March
indicates a 40% decrease during CF1. This may reflect a
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Figure 7. Cross-sections looking onshore of combined currents computed by nearshore and local models: (A) across-shore component on 8 March, 18 hours before
CF1; (B) across-shore component on 10 March, 30 hours after CF1; (C) alongshore currents on 8 March; and (D) alongshore currents on 10 March. The section is
outside the bar at 30.384° N, as shown in Figure lB The location of mooring B is indicated by the heavy dashed lines. Negative (dashed) contours are (C and D)

westward and (A and B) offshore.

reduction in the number of cells or a shift in environmental
conditions that favored a different phytoplankton community
after the cold front (Tamigneaux et al., 1999).

Hydrosol and Optics Modeling
An optical scatter sensor to directly measure b, and b, (Lee
and Lewis, 2003) was not available for this study. Instead, we

estimate b, from Equation (2), and b, is then found from
Equation (4). This section uses the bio-optical and geo-optical
models to constrain the kinds of particles in the water at SRI.
We focus on mooring B because the AC-9 instrument at
mooring A was partially buried by sand during CF1 and the
attenuation coefficients were too large to be useful for model
comparison.
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Figure 8. Snapshots of surface currents calculated by the local model
(NCOM on the 100-m grid) on 8 March. (A) Equirectangular projection of
surface current vectors over magnitude centered at 86.8° W, 30.33° N. The
vectors are plotted for every 10th cell for clarity. The N-S sections looking
west: (B) alongshore currents and (C) across-shore currents. Negative
(dashed) contours are (B) westward and (C) offshore. (Color for this figure is
only available in the online version of this paper.)

Scattering Estimated by the Bio-Optical Model

The total organic scattering b, estimated from Equation (2)
(Table 1) was less than 1 m™' on 6 March; thus, b, from
Equation (4) was 2 to 3 m™'. The average organic scattering
<b,> is more useful for 9 and 10 March because the
measurements were so closely timed. The resulting ratio of
minerogenic to organic scattering, b,:b,, which was 2.5 before
CF1, peaked at 8.4 on 9 March before decreasing to 4.5 on 10
March. This large ratio indicates that the hydrosol contained
substantial numbers of detrital particles. The large estimated
ratio of minerogenic to organic scattering is consistent with b4o
(Figure 10A), which was greater than 2 m™ for most of the
study interval. The bio-optical model results thus suggest that
mineral particles prevailed in the water column throughout the
observation period, including 9 March, when absorption was
nearly as strong as scattering. This anomalous post-CF1
interval requires further examination, as does 8 March.
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Figure 9. Snapshots of currents calculated by local model (NCOM on the 100-
m grid) on 10 March. (A) Equirectangular projection of surface current
vectors over magnitude centered at 86.8° W, 30.33° N. The vectors are plotted
for every 10th cell for clarity. The N-S sections looking west: (B) alongshore
currents and (C) across-shore currents. Negative (dashed) contours are (B)
westward and (C) offshore. (Color for this figure is only available in the
online version of this paper.)

Scattering by Resuspended Mineral Particles

The only calibration required for the geo-optical model in this
study was selecting a value for the resuspension coefficient that
produces a good fit of by, to beyo when both SWH and b4 were
large—we use v, = 2.3 X 107*. The predicted scattering b, at
0300 on 8 March (Figure 13) includes mean organic scattering
<b,>=0.654 m~'. The BBLM properties and resulting mineral
scattering b,, at mooring B were then calculated at 12-hour
intervals between 7 and 11 March. Nonlinear effects from
breaking waves are limited at this water depth for most waves
(Camenen and Larson, 2007), although there were occasional
large waves within the study area.

The total scattering, b,, + <b,>, at 440 nm predicted by
LSOM (Figure 13) is lower than the measured b, between 8
and 11 March. It is possible that this error is caused by low
combined currents predicted by the nearshore and local
models. To examine this possibility, we also calculated the
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Coefficients (m™") for attenuation ¢ (black line), scattering b o (red line),
and absorption a4 (blue line). The AC-9 sensor was located 1 mab. (B) The
[Chl] (mg m™®) measured near the mooring.

total scattering using the same geo-optical model parameters
but using the measured surface currents at a reference height
of 4.5 mab. The resulting scattering is similar to that using the
model currents except on 8 March, when a possible rip current
increased the surface magnitude significantly. The predicted
scattering is nil when SWH is less than 0.75 m, at which time
the predicted scattering is dominated by organic matter <b,>.

Absorption at Site 8

S’- \
\ 6 March 00:00 h

Figure 11. Measured absorption spectra at mooring B. The dashed lines are
CDOM spectra calculated with Equation (5) using a slope parameter Sc =
0.018. The dotted lines are the modeled detritus spectra using Sq = 0.0085.
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Figure 12. Measured scattering spectra at 1 mab at mooring B.

The low SWH and b,, on 9 March indicate that the hydrosol
was not dominated by resuspended mineral particles, as
suggested by the bio-optical model. The low values of <b,>
further suggest that these particles were not living phyto-
plankton cells. The measured attenuation could have been
caused by other materials, such as organic and inorganic
detritus (Stavn and Richter, 2008), which would have been
transported into the study area. The transport of sand particles
is less likely for this water depth because of their high settling
velocity, which would have required a continuous source of
turbulence to keep them in suspension. This does not preclude
small numbers of clay minerals and flocs in the hydrosol,
however, which would have settling velocities on the order of
10~ to 10~* cm-s~! (Fugate and Friedrichs, 2002).

Absorption Spectra

We can test for the presence of detritus and CDOM using
Equation (5) with values of S; and S¢, respectively, from the
literature. The best-fit spectral slope Sy (A = 350-600 nm) for
detritus near the Patagonia coast is 0.012 to 0.0083 nm™.
(Ferreira, Garcia, and Garcia, 2009). Depigmented particles
from the Pearl River, China, produced a slope of 0.0116 nm™".
(Hongyan et al., 2007). The SRI data are best fit with S; =
0.0085 nm™! (Figure 11). The fit is less good for A greater than
626 nm. There remains some uncertainty in defining detritus,
however, which may include organic and inorganic sources.

The value of Sc has been reported more often than that of S,.
Estimates of S¢ in spring off Patagonia ranged from 0.011 to
0.019 nm™!, whereas summer values ranged from 0.008 to
0.016 nm~'. Values of 0.015 to 0.0185 nm™' have been
determined for the Pearl River (Cao et al., 2003; Zhao et al.,
2009), as well as the South Atlantic Bight and North Sea
(Kowalczuk et al., 2003; Stedmon, Markager, and Kaas, 2000).
Sc equal to 0.018nm™! results in a regression that is clearly
inappropriate for the SRI data (Figure 11). We have not used
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Table 1. Model-predicted scattering coefficients.

Day-Hour b, (m™") b, (m™) bag (m™") (bg = beg) (m™?)
06-1000 0.95 2.40 3.42 -1.02
06-1400 0.86 2.64 6.48 -3.84
06-1900 0.81 2.87 — —
09-1300 0.77* 6.47 0.0 6.47
101100 0.69* 3.11 0.0048 3.105

* Calculated from the average of multiple [Chl] values, indicated by < b,>
in the text.

the estimates from the Pearl River, because they are believed to
be contaminated by substantial anthropogenic and terrigenous
input (Hongyan et al, 2007). The hydrosol thus appears to
contain less CDOM than detritus on 9 and 10 March. These
results for absorption and scattering after CF1 bring into
question the appropriate models for detritus and CDOM, but
organic detritus should nevertheless have a lower spectral
slope than CDOM (Ferreira, Garcia, and Garcia, 2009).

DISCUSSION

The hydrosol evolved during CF1 as a direct consequence of
the combined impact of waves and currents on minerogenic
sediments and the phytoplankton community. The optical
signature of these interactions was blurred by other compo-
nents of the marine hydrosol that are not well understood (e.g.,
CDOM and organic detritus). We can shed light on these
processes by examining the optical data with respect to the
observations and model simulations.

4
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Figure 13. Time series for measured scatter coefficient at 440 nm (blue line)
and SWH (green line) at mooring B during 7 to 11 March. The observed b,
data were measured at 10-minute intervals. The circles are the sum of the
average organic scattering <b,> and the predictions from LSOM (b,,) using
the hydrodynamic forcing discussed in the text. The square indicates the
time used to calibrate LSOM. Scattering using measured surface currents
and waves is indicated by (+).

Hydrodynamic Regimes

It is tempting to think of the open coast at SRI as a steady-
state, two-dimensional, hydrodynamic system (Power et al,,
2010). This idealized environment is characterized by souther-
ly winds of less than 5 m-s~! and low swell (SWP < 6 s and SWH
< 1 m). Currents in the surf zone consist of a westward flow of
less than 10 em-s~" and a variable wave-driven component of
similar magnitude. Currents exceed 20 cm-s~! on the shoreface
because the persistent SE wind and its associated coastal setup
both contribute to a westward flow. This is a reasonable
representation of the hydrodynamic regime in summer 1994 if
no tropical cyclones are present in the Gulf of Mexico, as well as
the observations at SRI for 4 to 7 March 1995. During winter
and spring, it is convenient to refer to this quiescent “summer”
hydrodynamic regime as prefrontal, from an oceanographic
perspective. Turbulence is restricted to the vicinity of the
nearshore bar and is highly variable.

The prefrontal hydrodynamic regime at SRI changed as the
high-pressure system associated with CF'1 approached and the
wind speed increased. This synoptic wind field generated swell
in the central Gulf, as well as local waves. The combined SWH
greater than 3 m increased flow in the surf zone to
approximately 40 cm-s™! before CF1, and rip currents were
generated that extended seaward to mooring B. The regional
flow during this hydrodynamic regime is reproduced by the
local model (Figure 8), which predicts a downwelling flow on 8
March. This oceanographic frontal regime is easily identified
by the SWH peaks on 8 and 15 March. Wave breaking was
continuous over the bar and intermittent at mooring B.
Turbulence levels were consequently quite high over the upper
shoreface (Yoon and Cox, 2010).

The postfrontal hydrodynamic regime is defined by the
northerly winds that occurred immediately after CF1. The
northerly winds caused SWH to plummet and coastal sea level
to fall rapidly. Turbulence levels in the surf zone and shoreface
consequently decreased. The coastal current system during the
postfrontal period was characterized by upwelling-favorable
flow, as predicted by the local model on 10 March (Figure 9).
The NE wind and falling coastal water levels combined to
maintain a mean westward flow over the inner shelf during
this interval.

Evolution of the Hydrosol

The primary components of the hydrosol at SRI are mineral
particles (quartz and clays), organic detritus, phytoplankton
(large and small), and CDOM (Stavn and Richter, 2008). The
relative numbers of these constituents are determined by
events and processes in a range of scales, including biological
interaction, resuspension from the seabed, input from rivers,
and transport by wave-driven, tidal, and steady currents.
Although it is not possible to quantify all of these processes, we
can examine their relative contributions to the optical
environment during CF1 using the frontal hydrodynamic
regime introduced in the previous section.

The hydrosol composition was fairly constant during the
prefrontal interval. The large ratio of scattering to absorption
(Figure 104) indicates the importance of mineral particles and
detritus. The absorption spectrum from 6 March 1995 (Figure
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11) is similar to that from August 1994, and [Chl] remained
below 8 mg-m~>, with no indication of a bloom event. The
prefrontal a, distribution can be fit for both CDOM and
detritus, and both may have been present. The geo-optical
model results preclude the resuspension of mineral particles at
mooring B for the low SWH during the prefrontal period—note
the high b4 (Figure 10A) on 5 March 1995 when SWH was less
than 30 cm. However, mineral grains resuspended in the surf
zone would have been transported offshore by rip currents and
undertow. Taken together, these hydrodynamic, optics, and
sedimentation results indicate that the prefrontal hydrosol
consisted of phytoplankton and organic detritus, as well as
mineral particles and possibly CDOM.

The only optical measurements during the frontal hydrody-
namic regime were attenuation spectra. Absorption (not
shown) was similar to the prefrontal period, but the b, trend
steepened while displaying the phytoplankton spike at 676 nm
(Figure 12). The geo-optical model predicts that resuspended
mineral particles would have been a major component of the
hydrosol at this time. This interpretation is in agreement with
observations and models of case 2 scattering (Gould, Arnone,
and Martinolich, 1999). It is likely, however, that the
phytoplankton community survived disruption by turbulence
during the frontal phase while sand was resuspended all across
the upper shoreface by wave-induced turbulence. Strong
currents were also transporting particles both offshore and to
the west, as well as from the east.

The hydrosol did not return to its prefrontal composition
immediately following CF1. The a, on 9 and 10 March suggest
that detritus was accumulating when SWH was low and
resuspension was limited to the submarine bar (Figure 1C).
Transport from the surf zone is implied by the local model
results, however. The absorption spectra from this time are
consistent with large phytoplankton (Wang et al., 2010), and
the spectral slope is reasonable for detritus but not CDOM. The
spectral scattering b, reached a maximum on 9 March, with a
trend similar to case 1 water. The small dips in ()) at 440 and
676 nm are consistent with the presence of large phytoplankton
(Stramski, Bricaud, and Morel, 2001). The reduction of b, on 10
March indicates that these large organic particles were
removed from the water column. This interpretation is
supported by a decrease in scattering while maintaining the
spectral shape on 10 March (Figure 12). The simultaneous
increase in a, between 9 and 10 March suggests that these
high-scattering particles were replaced with a strongly absorb-
ing component. The anomalous attenuation coefficients during
the postfrontal phase were probably caused by large phyto-
plankton detritus and terrigenous material that were trans-
ported by the persistent westward alongshore coastal
circulation.

The a, distribution on 12 March (Figure 11) resembles the
prefrontal spectrum but with larger magnitudes and a visible
knee at 440 nm. The b, coefficients are somewhat smaller than
the prefrontal values, but the dips at 440 and 676 nm,
associated with large phytoplankton, remain. It is not possible
to infer the exact nature of these hydrosol constituents without
more data on the optical properties of suspended particles
(Binding, Bowers, and Mitchelson-Jacob, 2005) and on the

relative contribution of living and detrital organic particles in
ocean waters (Stavn and Richter, 2008).

CONCLUSIONS

We have applied the prefrontal hydrodynamic regime
concept to propose a typical hydrosol at SRI during summer
and spring. This hydrosol consists of a mixed community of
phytoplankton that is accompanied by CDOM, organic and
inorganic detritus, and mineral particles. Changes in the
hydrosol during CF1 were due not only to phytoplankton
dynamics but also to transport of dissolved and particulate
matter and resuspension of mineral particles from the bottom.
Heterogeneities in the distribution of these components in the
prefrontal hydrosol would have been either homogenized or
intensified by advection. The observations from SRI could not
be used to identify the interplay of physical and biological
processes during CF1 because of these factors. Only the
numerical hydrodynamic models allow us to recognize the
potential impact of advection on the hydrosol.

We have used the hydrodynamic models to simulate the
coastal-scale flow in the context of the synoptic scale of a cold
front. This approach does not couple the optical signature of the
atmospheric—oceanographic event, which can be observed from
satellites, to the individual components of the hydrosol (Green,
Gould, and Ko, 2008). It is simpler than the approach that has
been implemented for shelf and open-ocean environments
(Nakata and Doi, 2006), but it proved useful in other coastal
studies (Song et al., 2010). Our results extend previous process-
based studies to the surf zone while including the larger scales
through the boundary conditions applied to the local and
nearshore models. The importance of waves and steady
currents for mixing the hydrosol at scales of meters to
kilometers has thus been demonstrated. An important result
has been the analysis of the nearshore data from the moorings
with respect to the synoptic scale of the atmospheric forcing.

Understanding the coastal remote sensing environment
requires better knowledge of the interaction of synoptic and
local scales. The presence of a surf zone and shoreline defines
the coastal-scale response to synoptic forcing through mass and
energy conservation at an effectively closed boundary; for
example, wave-driven processes in the surfzone respond to sea
breeze, cold fronts, and northeasters in a similar manner, even
though these processes have vastly different scales (Alvarez-
Salgado et al., 2003; Fernandes ef al, 2002; Masselink and
Pattiaratchi, 1998). The complexity lies in the potential sources
of hydrosol components and the multiscale nature of coastal
hydrodynamics. This complexity is evident in the open ocean as
well (Palacios et al, 2006). Recently developed bio-optical
models recognize these interactions and attempt to account for
the time dependence of phytoplankton community changes
(Shanmugam, 2011). Such an understanding is critical to
predicting the occurrence of biological events such as harmful
algal blooms in coastal environments.

The hydrodynamic regime concept proposed in this paper can
be used to simplify the relationship between atmospheric
forcing and marine optics. During the prefrontal phase,
synoptic forcing is weak and the hydrosol is dominated by
local processes such as phytoplankton blooms and resuspen-
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sion of sand at the shoreline. The greatly increased wind speed
and resulting larger waves during the frontal regime result in
the dominance of synoptic-scale processes, which produce local
effects in the nearshore. The hydrodynamics during this phase
disrupt the ecosystem and saturate the nearshore with mineral
particles. As the postfrontal regime begins, the physical
environment weakens substantially, but coastal-scale currents
persist for several days. These currents accentuate the
prefrontal distribution of the coastal hydrosol by transporting
both organic and inorganic material along the coast, as well as
offshore.
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